We have investigated the effects of tyrosine nitration (to form the weak acid, 3-nitrotyrosine) at positions 23 or 20 plus 23, on the structure and function of hen egg-white lysozyme. Enzyme activity against Micrococcus luteus cell-wall fragments or soluble substrates exhibits two phenomena. (a) A decrease in K m and k cat for the hydrolysis of soluble oligo-and poly-saccharides, resulting in only minor changes in the catalytic efficiency (k cat \K m ) upon
INTRODUCTION
Lysozymes are a class of enzymes possessing hydrolytic activity towards β-1,4-linked sugars in bacterial cell-wall peptidoglycan. Many vertebrate lysozymes also hydrolyse a range of natural and synthetic 2-acetamido-sugar polymers, for example chitin, hydroxyethylchitin and glycolchitin [1, 2] . There is a high degree of conservation in the amino acid residues of the substratebinding domain and in the catalytically essential aspartate and glutamate residues (Glu-35 and Asp-52) of chicken-type (c-type) lysozymes [1] . For smaller, soluble oligomers of chitin, up to chitohexaose, contacts made between the substrate and the enzyme have been defined [3, 4] . These form the extended substrate-binding cleft that is comprised of six subsites (A to F), each able to bind an individual sugar residue. The interactions between lysozyme and trisaccharides of GlcNAc or cell-wall saccharide (N-acetylmuramic acid-N-acetylglucosamine-N-acetylmuramic acid) has been the focus of much research ; the crystal structures and binding energies of these complexes have been established [3] [4] [5] [6] . However, investigations into the interaction between lysozyme and its natural, bacterial cell-wall substrate, have been hampered by the latter's chemical complexity and insolubility.
It has long been known that the high pI of lysozyme is important for its ability to hydrolyse rapidly the negatively charged cell walls of Gram-positive bacteria ; this is a defining feature of this family of proteins [7] . Previous studies into this property have relied on chemical modification of lysine and arginine residues to reduce the surface charge of the protein [8, 9] . These experiments revealed a decrease in cell wall lytic activity, dependent upon ionic strength, with little or no loss in activity against uncharged substrates nor any structural changes within the protein [10] . We have extended this study to investigate the effects of adding a weakly acidic modified amino acid to lysozyme such that ionization of this group occurs at about the cell wall pH-optimum of the enzyme. This was achieved by nitration of tyrosine residues (to produce 3-nitrotyrosine), causing a decrease in the pK a of the phenolic hydroxyl by over 3 pH units due to the electron-withdrawing effect of the nitro group [11] .
Chemical nitration of tyrosine residues in proteins, using tetranitromethane (TNM) has been the basis of many structural Abbreviations used : TNM, tetranitromethane ; GlcNAc, N-acetylglucosamine ; Tyr-NO 2 , 3-nitrotyrosine ; MeU(GlcNAc) 3 , 4-methylumbelliferyl-Nacetylchitotrioside.
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nitration. (b)
The hydrolysis of M. luteus cell-wall fragments appeared to be dominated by electrostatic interactions with the protein, giving a decrease in enzyme activity as the 3-nitrotyrosyl group became ionized. Removal of the cell-wall anionic polymer, teichuronic acid, from M. luteus abolished this effect. The 3-nitrotyrosine group was also found to act as a fluorescence quencher of exposed tryptophan residues in lysozyme.
and functional studies. The use of 3-nitrotyrosine as a pHdependent chromophore [11] , an environmentally sensitive reporter molecule [12] , a probe for functional tyrosine residues [13] , a site-selective label [14] and a means of inducing pHdependent reversible binding of antibodies [15] have all been exploited. Previous reports on the nitration of tyrosine residues in lysozyme suggest that tertiary-structural changes within the protein reduce its ability to hydrolyse glycosidic bonds [16] . We have investigated the kinetic properties of lysozyme nitrated at Tyr-23 (mononitro) or at Tyr-20 plus 23 (bisnitro) (Figure 1 ) against a range of natural and synthetic substrates. We have also undertaken a study into the fluorescence properties of the above modified proteins, which does not support major conformational changes in the protein as a consequence of nitration at these positions. 
MATERIALS AND METHODS
Hen egg-white lysozyme (Grade III), Micrococcus luteus (lysodeikticus) cell walls, glycolchitosan, GlcNAc, 4-methylumbelliferyl-N-acetylchitotrioside [MeU(GlcNAc) $ ] and TNM were supplied by Sigma. All other reagents were analytical grade or equivalent and were obtained from various suppliers. Fluorescence was recorded using a Perkin-Elmer LS-50 luminescence spectrophotometer and UV\visible spectra were recorded on a Shimadzu UV2100 spectrophotometer.
Nitration of tyrosine residues

Chemical nitration
Preparation and purification of mononitro-and bisnitrolysozyme was performed essentially as described by Strosberg et al. [16] To prepare bisnitro-lysozyme, lysozyme (60 mg) was dissolved in 15 ml of 50 mM Tris\HCl (pH 8.0)\1 M NaCl. To this was added 0.5 ml of 0.84 M TNM in ethanol and the reaction was allowed to proceed at 37 mC for 1 h. The reaction mixture was dialysed overnight against deionized water, centrifuged to remove any precipitate and purified (see below). The yield of bisnitro-lysozyme was approx. 10 mg.
To obtain mononitro-lysozyme chemical nitration was performed as above except that 70 µl of 0.8 M TNM was used. The yield of Tyr-23-NO # was approx. 8 mg.
Electrochemical nitration
An adaptation of the method given in [17] was employed for the electrochemical preparation of Tyr-23-NO # -lysozyme. Nitration was performed using 50 mM orthophosphoric acid titrated to pH 8.0 by the addition of ammonium hydroxide. Lysozyme (30 mg) was dissolved in 10 ml of this buffer and two nickel electrodes (2 cm#) were inserted into this solution. A current of 8 mA was applied for 2 h and the protein was purified directly from this reaction mixture (see below). Using this procedure the major modified product was Tyr-23-NO # -lysozyme, with no apparent Tyr-20-NO # -lysozyme, and as such was found to be a convenient method of preparing this species. The yield of Tyr-23-NO # -lysozyme was approx. 10 mg. In each set of experiments, chemically and electrochemically derived nitrated lysozymes were used and gave identical results. Characterization of the electrochemically nitrated protein by ion-exchange HPLC, tryptic peptide mapping, gas-phase sequencing and UV\visible spectroscopy was consistent with modification only at tyrosine residues [17] . Electrochemically nitrated proteins were found to be kinetically identical with chemically nitrated proteins for nitration at the same positions.
Protein purification
Modified lysozymes were initially purified by cation-exchange chromatography on a Bio-Rad Econo-System, using a 5 ml CM Econo-cartridge equilibrated with 10 mM Tris\HCl, pH 8.5. Elution was achieved by increasing the concentration of NaCl to 0.7 M over 90 min at a rate of 2 ml\min. Proteins were eluted in the order : bisnitro, Tyr-23-NO # , Tyr-20-NO # and finally native lysozyme at the highest concentration of NaCl. Only Tyr-23-NO # was used for kinetic investigations and will be referred to hereafter as mononitro-lysozyme. Separated protein peaks were concentrated by initially diluting the pooled protein peaks 10-fold with water and re-applying to the cation-exchange column. The sample was then eluted with a single-step gradient to 10 mM Tris\HCl, pH 8.5, containing 0.5 M NaCl. The concentrated protein was desalted on a BioGel P6 column equilibrated with PBS or 0.1 M Tris\HCl, pH 8.0. Protein purity was checked and protein was purified further, if necessary, by ion-exchange HPLC as described elsewhere [17] . Desalted proteins were stored at k20 mC in aliquots containing 10 % (v\v) glycerol. Protein concentrations could not be calculated from ε #)! because of absorption by nitrotyrosine. Measured molar absorption coefficients at 381 nm were therefore based upon concentrations derived from the fluorescence output of fluorescamine-labelled native and nitrated protein [17] . The coefficients were Tyr-23-NO # , ε $)" l 2200 and bisnitro, ε $)" l 4400.
Ion-exchange HPLC retention times
Ion-exchange HPLC retention times of the various purified lysozymes (100 µg) were established using a GlasPac TSK SP-5PW (8i75 mm) strong cation-exchange column, supplied by LKB. Elution was achieved with a linear gradient of 20 mM sodium phosphate (pH 7.0 or 8.0) to the same buffer plus 1 M sodium chloride (pH 7.0 or 8.0) over 1 h at 0.5 ml\min.
Limited Arg-C and tryptic digestions
The protein was dissolved in 0.1 M Tris\HCl, pH 8.5, to give a final concentration of 1 mg\ml. The appropriate protease (endoproteinase Arg-C or trypsin) was added to give a low ratio of protease to protein, e.g. 1 : 50 to 1 : 200 and the sample left overnight at 20 mC. Digests were analysed by SDS\PAGE on a 16.5 % Tricine gel [18] .
Cell wall turbidometric assay
A suspension of Micrococcus lysodeikticus (luteus) cell walls, 0.15 mg\ml in 2.5 ml of the appropriate buffer, was added to a 3 ml cuvette. To this, 0.1 ml of a solution of a lysozyme ( 400 units\ml) was added and the change in attenuation at 450 nm\min recorded at the maximum linear rate. For some reactions the concentration of substrate was varied.
One unit of enzyme is defined as the amount that will produce a ∆A %&! of 0.001 per min at 25 mC in 2.6 ml of reaction mixture (1 cm light path). Sodium phosphate and acetate buffers of constant ionic strength were used for some kinetic studies [19] .
Removal of teichuronic acid from cell walls
A suspension of cell walls (1 mg\ml) was boiled for 10 min in 0.1 M HCl, to hydrolyse the sugar 1-phosphate linkage between the teichuronic acid and peptidoglycan, and washed several times in water [20] . The acid-treated cell-wall fragments were then re-N-acetylated by suspension in 0.2 M sodium tetraborate and acetic anhydride was added (an equal mass to the mass of cell walls). The pH was kept at about 9 by the addition of 1 M sodium hydroxide. After 30 min the cell walls were washed in water and air-dried. 3 [21] Various concentrations of MeU(GlcNAc) $ , in acetate buffer, pH 5.22, ionic strength 0.1, were incubated with lysozyme at 42 mC in 4 ml of reaction mixture. Aliquots of 0.5 ml were withdrawn at 15 min intervals and added to 1. 
Hydrolysis of MeU(GlcNAc)
Glycolchitin hydrolysis
Preparation of glycolchitin
Glycolchitosan (de-N-acetylated glycolchitin) was dissolved to a concentration of 1 % (w\v) in 100 mM sodium tetraborate solution. Acetic anhydride was slowly added, with constant stirring, to give a 2 % (v\v) solution. This was left at room temperature for 30 min and the pH was adjusted with NaOH to maintain a pH of about 9. Glycolchitin was recovered by the addition of acetonitrile, precipitated several times from water\ acetonitile, freeze-dried and stored at k20 mC.
Assay
Glycolchitin was dissolved in 20 mM sodium acetate\0.09 M NaCl, pH 5.0 [glycolchitin concentration l 0.01-0.5 % (w\v)]. About 900 µl of the glycolchitin solution was added to an Eppendorf tube along with about 100 µl of lysozyme solution ("2i10 −& M). Exact volumes were recorded. The reaction mixture was incubated at 40 mC and 100 µl aliquots were withdrawn at suitable time intervals (e.g. 10 min), diluted to 1 ml with deionized water and assayed for reducing sugar (see below).
Reducing sugar analysis [22]
A 1 ml volume of the test solution was added to 1 ml of 0.05 % (w\v) potassium ferricyanide and 1 ml of 0.53 % (w\v) sodium bicarbonate\0.065 % (w\v) potassium cyanide solution. The tube was placed in a boiling-water bath for 10 min, cooled and 5 ml of 0.15 % (w\v) ferric ammonium sulphate\0.1 % (w\v) SDS in 25 mM sulphuric acid was added. The tube was left for 15 min at room temperature and the absorbance at 690 nm recorded. A set of standards containing N-acetylglucosamine (50-500 µM) was also recorded.
Analysis of kinetic constants
Kinetic constants were calculated by non-linear least-squares fitting of the original data to the Michaelis-Menten equation using the KaleidaGraph program (Abelbeck software). Changes in transition-state stabilization were calculated using :
Reduction of 3-nitrotyrosine with sodium dithionite
Nitrated lysozyme was incubated with a 20-fold molar excess of sodium dithionite in 100 mM Tris\HCl, pH 8.0, for 10 min at room temperature (the reaction was followed by loss of A %#) [23] ). Protein was recovered by gel filtration.
RESULTS
Cell-wall hydrolysis pH-activity profiles
The cell wall pH-activity profile of native and the two nitrated lysozymes are shown in Figure 2 . In comparison with the native enzyme, both the mononitro-and bisnitro-lysozyme display differences in their pH-activity profiles. As the pH is raised from 5 to 8 the profiles show a more marked decline in cell-wall lytic acitivity for both of the nitrated species when compared with the native form, this effect being greater for bisnitro-than mononitrolysozyme.
The pH-activity profiles of dithionite-treated mononitro-,
Figure 2 pH-activity profiles of native and nitrated lysozymes
Profiles for native (), mononitro-($) and bisnitro-lysozyme (>) were recorded in 10 mM sodium phosphate, 10 mM sodium acetate and 50 mM sodium chloride at different pH values. bisnitro-and native lysozymes, against bacterial cell walls, gave identical pH profiles in all three cases and an optimum at pH 6.5 (results not shown). Thus the nitro-group is responsible for modulating the profiles seen in Figure 2 . Concordant with the nitration of tyrosine is a shift in the pK a of the hydroxyphenol group from 10.5 to 7.2 [11] . Selective reduction of 3-nitrotyrosine to 3-aminotyrosine with sodium dithionite restores the phenolic pK a to a value close to that of unmodified tyrosine [23] . The pK a of the amino group in 3-aminotyrosine is 4.7 [23] , therefore no significant extra charge is introduced into the protein at the assay pH of 6.5 ( Table 1 ). The specific activities of mononitro-, bisnitro-, dithionite-reduced mono-and dithionite-reduced bisnitro-lysozymes are given in Table 1 . Reduction of the nitro group caused an increase in cell-wall lysis. However, bisnitrolysozyme only regains 85 % of its original activity after reduction of the 3-nitrotyrosine group. The pH-activity profiles against the uncharged, soluble substrate, glycolchitin, were found to be identical for all three proteins (pH optimum 5.0) (results not shown), but the ability to hydrolyse glycolchitin was impaired by nitration (Table 1) . At the concentration of substrate employed in this assay, hydrolase activity is proportional to the dissociation constant of (GlcNAc) $ [24] . As this was found to vary with pH the same way for all three Relative Activity
Figure 3 Effect of ionic strength on the activity of native and nitrated lysozymes
Cell-wall lysis pH-activity profiles of (a) native (b) mononitro-and (c) bisnitro-lysozyme recorded at ionic strength : , 0.1 ; $, 0.13 ; >, 0.16 ; 4 , 0.2 ; , 0.25 ; and #, 0.3. Activity is expressed relative to the maximum activity found for each lysozyme species. Cellwall concentration was 0.15 mg/ml and activity was measured by recording ∆A 450 /min. Each point represents the mean of three determinations. S.D. (not shown) was less than p10 % of the mean in all cases.
samples, the ionization of nitrotyrosine does not have a significant effect on binding of this neutral substrate to the enzyme to form the enzyme-substrate ground-state complex.
Electrostatic factors affecting cell-wall hydrolysis
The decrease in lytic activity for nitrated lysozymes, shown in Figure 2 , could be due to electrostatic repulsion at higher pH values between the anionic cell-wall substrate and the nitrotyrosyl anion.
Coulombic interactions have been investigated by increasing the ionic strength of the buffer or by reducing the positive charge on the protein [8, 9] . However, the effects of adding an extra negative charge to the protein has not previously been considered. The effect of ionic strength on the cell wall pH-activity profiles
Figure 4 Effect of 3-nitrotyrosine ionization on the activity of nitrated lysozymes
Cell-wall lytic activity was recorded using the same buffer system as in Figure 2 . The difference in specific activity between the native enzyme and mononitro-(), or bisnitro-lysozyme ($), at a range of pH values from 4 to 8, is plotted against the ionisation of the 3-nitrotyrosine group. Ionization was calculated from the pK a of the 3-nitrotyrosyl group [11] . for bisnitro-, mononitro-and native lysozyme ( Figure 3) shows an ionic strength-dependent shift in the pH-activity profile, nitration inducing a shift to a lower pH-optimum and a greater loss in activity at higher pH values upon increasing ionic strength. This is consistent with the proposed electrostatic-repulsion mechanism.
When the change in activity of mononitro-and bisnitrolysozyme against ionization of the 3-nitrotyrosine group is plotted and compared with the plot obtained with the native protein a linear correlation is observed (Figure 4) . Furthermore, the gradient of the line is approximately the same for mononitroand bisnitro-lysozymes, the differences in the y-axis intercept probably reflecting changes in k cat for peptidoglycan hydrolysis (c.f. Table 1 for activity against glycolchitin). It can be inferred that the addition of a single negative charge, in this region of lysozyme, causes a loss of cell-wall activity of approx. 13 000 units\mg (full activity 51 500 units\mg) in 66 mM potassium phosphate buffer, pH 6.5. The predominant effect of nitration on cell-wall hydrolysis is clearly via electrostatic interaction ; mononitro-lysozyme shows no difference in cell-wall hydrolysis if the 3-nitrotyrosine group is fully protonated.
The values of K m and k cat were also determined for cell-wall substrate at pH 7.55 (Table 2 ). This revealed an increase in K m for both mononitro-and bisnitro-lysozymes and a decrease in k cat \K m , again indicating impairment of binding to bacterial cell walls. Tyrosine nitration in hen egg-white lysozyme
Figure 5 Cation-exchange HPLC versus cell-wall lytic activity
Cell-wall lytic activity, in 50 mM potassium phosphate buffer and retention time on a strong cation-exchanger were recorded for native lysozyme (triangles), mononitro-lysozyme (circles) and bisnitro-lysozyme (squares) at pH 7.0 (open symbols) and 8.0 (solid symbols). Cell-wall activity is expressed relative to the native protein at pH 7.0.
Figure 6 pH-activity profiles of native and nitrated lysozymes against teichuronic acid-extracted cell walls
Profiles for native (#), mononitro-( ) and bisnitro-lysozyme (=) were recorded in 10 mM sodium phosphate, 10 mM sodium acetate and 50 mM sodium chloride at different pH values (ionic strength uncontrolled) using teichuronic acid-extracted cell walls as substrate. The pH was adjusted by the addition of conc. HCl to a stock solution of acid-treated cell walls (0.15 mg/ml) at pH 7.9. Activity is recorded relative to the maximum activity for each species. Each point represents the meanpS.D. of three determinations.
As electrostatic interaction between insoluble cell wall and lysozyme may be the determining factor in hydrolysis, there should be a correlation between binding to a cationic matrix and hydrolytic activity. Indeed, the cation-exchange HPLC retentiontime as a function of cell-wall lysis at pH 8.0 and 7.0 ( Figure 5 ) exhibits a linear relationship between retention time and enzyme activity, demonstrating that binding to negatively charged surfaces correlates with the ability to hydrolyse cell-wall fragments.
The major cell-wall anionic polymer in M. luteus, teichuronic acid, can be removed by mild acid hydrolysis, leaving a single phosphate group on the 6-position of muramic acid in the peptidoglycan. No significant differences in the pH-activity profiles of native, mononitro-and bisnitro-lysozymes against teichuronic acid-stripped cell walls are observed (Figure 6 ). Furthermore, the activity against teichuronic acid-extracted cell walls is reduced by between 70 and 80 % (in 50 mM sodium phosphate, pH 6.5) for all three proteins. Thus, a large contribution to lytic activity and differences in pH-activity profiles, seen in Figures 2 and 3 , is primary interaction between lysozyme and teichuronic acid.
Kinetic analysis of lysozyme-catalysed hydrolysis of MeU(GlcNAc) 3 and glycolchitin
Both species of nitrated lysozyme revealed a decrease in K m and k cat for MeU(GlcNAc) $ hydrolysis and a slight decrease in catalytic efficiency (k cat \K m ) compared with the native enzyme (Table 3) .
Nitration was found to cause a decrease in both K m and k cat for glycolchitin and a slight increase in catalytic efficiency (k cat \K m ) compared with the native enzyme (Table 4) .
Fluorescence analysis of electro-oxidized lysozyme
This was undertaken to determine possible structural alterations of the enzyme as a consequence of either nitration or the shift in the pK a of nitrotyrosine. Native lysozyme gives a maximum fluorescence at 343-345 nm, with an excitation at either 295 or 273 nm (Table 5 ). Excitation of mononitro-lysozyme at 273 nm (excitation at tyrosine and tryptophan) or 295 nm (excitation at tryptophan alone) reveals a decrease of 60 % in the quantum yield of fluorescence and a second emission peak is observed at 332 nm (excitation at 295 nm). Furthermore, excitation at 273 nm reveals a slight shoulder at 305 nm due to tyrosine fluorescence (Table 5 ).
Bisnitro-lysozyme shows even more marked changes in the fluorescence spectrum. A relative quantum yield of fluorescence of 20 % compared with native lysozyme is observed with excitation at either 273 or 295 nm. Additionally, a more marked tyrosine fluorescence peak is observed at about 303 nm with excitation at 273 nm. A comparison of the fluorescence spectra of bisnitro-lysozyme at pH 8.0 and pH 6.0 shows no changes in emission maxima or quantum yield (Table 5) , which indicates that ionization of nitrotyrosine does not produce major structural changes in the modified protein. The relative fluorescence and emission maxima of the above species are given in Table 5 .
Effect of nitration on the proteolytic susceptibility of the loop region Leu-17-Ser-22
Major structural changes in the modified proteins should be reflected in an increase in proteolytic susceptibility. Arg-C and tryptic digestions of native and nitrated-lysozymes (target residue Arg-21) were attempted in alkaline buffers under non-denaturing conditions. Analysis of the digests by SDS\PAGE showed no increase in the proteolysis of nitrated proteins as compared with the native enzyme (results not shown).
DISCUSSION
Effects of nitration on the hydrolysis of soluble uncharged substrates
MeU(GlcNAc) $ gives slight increases in ∆∆G ‡ for both nitrated species (Table 4) , possibly reflecting less favourable binding of the methylumbelliferyl group, which occupies subsite E in the transition complex [21] . Glycolchitin gave slight decreases in ∆∆G ‡ for both nitrated species, indicating enhanced thermodynamic stability of this enzyme-substrate transition-state complex. However, the results are inconsistent with expected values for addition or removal of hydrogen-bonds in the enzymesubstrate transition-state complex [25] and probably represent slight changes in the geometry of the active-site region.
The effects of a given change in the tertiary structure are not easy to predict or interpret in terms of binding or catalytic changes of lysozyme. Although the two nitrated tyrosine residues are remote from the active-site cleft (Figure 1 ), small transmitted changes to this region could be induced by this covalent modification.
The effects of small changes in the active-site region of lysozyme can be quite marked. Malcolm et al. [28] constructed a catalytically inactive Glu-35 Gln mutant and found that it bound (GlcNAc) $ twice as strongly as the wild type, but an opposite 2-fold effect was observed with the Asp-52 Asn mutation. This demonstrates the critical role of structure in this region of the protein. It is interesting to note that an Asp-20 Glu mutant (analogous to Asp-52 in chicken) of T4 lysozyme has little activity against cell walls [29] (T4 lysozyme does not hydrolyse glycolchitin). The slight structural changes associated with the substitution of a single methylene group in the active-site region of lysozyme can be of critical importance.
Changes in the kinetics of neutral substrate hydrolysis due to tyrosine nitration are possibly due to small structural changes, perhaps associated with accommodation of the bulky -NO # group within the protein structure, rather than to ionization of the 3-nitrotyrosine-group. Thus, identical pH-activity profiles are found against glycolchitin for native and nitrated lysozymes. Moreover, the nitrated and native proteins display the same susceptibility to proteolysis, and fluorescence of aromatic amino acids is pH independent (Table 5 ). However the phenolic hydroxyl group of nitrotyrosine is solvent exposed, indicated by the temporal independence of the spectroscopic titration of 3-nitrotyrosyl residues in nitrated lysozyme [17] , as is the case for the hydroxyl groups of Tyr-20 and 23 in native lysozyme [31] .
Effects of nitration on cell-wall hydrolysis
Peptidoglycan is usually modified by phosphodiester linkages through position 6 of muramic acid to an acidic polymer [30] . Unusually for a Gram-positive organism, the major acidic cellwall polymer of M. luteus is teichuronic acid not teichoic acid [30] , in this case consisting of a repeating unit which is an alternating disaccharide of N-acetylmannosaminuronic acid and glucose (10-40 units) .
Previous studies on the hydrolysis of M. luteus cell walls have implicated the electrostatic interaction between basic groups on the surface of lysozyme and the cell wall as the dominant event.
Evidence for this has come from two sources : firstly, the pHdependence of cell-wall hydrolysis shows a pK a of 9-10 associated with ε-NH # groups [5] ; and secondly, acetylation or methylation of lysine residues produces a species that has reduced, or no lyticactivity against M. luteus [8, 9] . The mechanism of lysis, as demonstrated on neutral substrates (such as oligomers of chitin), is not affected by acetylation or methylation of lysine residues, rather the effect is on the interaction with the cell-wall substrate [9] . Thus, lysozyme lacking its cationic character does not appear to be able to gain access to the peptidoglycan substrate.
As shown here, the addition of a single, weakly-acidic group to the surface of the protein also causes a significant change in the pH-activity profile of the enzyme when ionized. Furthermore, by removing the acidic polymer from M. luteus cell-wall fragments this differential effect can be abolished.
The apparent decrease in the ability to hydrolyse uncharged β-1,4-linked substrates in nitrated lysozymes, as reflected in decreases in k cat for glycolchitin and MeU(GLcNAc) $ , was not apparent in cell-wall lysis below pH 5 for mononitro-lysozyme. Slight structural changes in the modified lysozymes may be less significant with conformationally restricted cell wall than with flexible glycolchitin and MeU(GLcNAc) $ , by virtue of induced fit between the enzyme and substrate-polymer. Inoue et al. [24] have shown that for chicken lysozymes mutated at Trp-108, the relative cell-wall activity (CW, %) was related to the relative glycolchitin activity (GC) of a mutant compared with the wild type by the formula : CW l 0.759iGCj24.09. Hence, the relative cell-wall activity was always in excess of the glycolchitin activity and was less affected by amino acid substitution.
The results presented here also raise important questions into the way lysozyme gains access to the cell-wall peptidoglycan, as the primary site of interaction appears to be with the cell-wall acid polymer and not the peptidoglycan. Gram-positive bacteria have highly diverse cell-wall structures [30] and further investigations are planned to take into consideration cell walls of other organisms and possible evolutionary links between lysozyme structure and cell-wall architecture.
The effects of nitration on the fluorescence of lysozyme
The fluorescence spectrum observed with native lysozyme is characteristic of exposed tryptophans (emission, 340 nm), with substantial energy transfer to Trp-62 and Trp-108 [31] . Nitrated lysozyme exhibited a decrease in the fluorescence of exposed tryptophans (excitation 295 nm) and the appearance of a second peak with an emission at 330 nm, indicative of buried tryptophans. Moreover, excitation at 273 nm also revealed tyrosine fluorescence (303 nm) ; this is not observed in the native protein due to substantial energy transfer to tryptophan residues. Therefore, fluorescence studies show substantial differences between nitrated and native lysozymes. That this is not due to gross structural changes is evidenced by retention of catalytic activity, pH effects, etc., as discussed above. Similar fluorescence effects have been observed with chemically nitrated cyclomaltodextrin glucanotransferase from Bacillus circulans [13] . In this case the changes in fluorescence were attributed to a loss of tertiary structure upon nitration, however fluorescence quenching by 3-nitrotyrosine was not considered. The 3-nitrotyrosine group is a known fluorescence quencher and has been employed in the production of protease substrates utilizing intramolecular quenching to monitor bond hydrolysis [32] . The fluorescence changes with nitrated proteins may be due to the 3-nitrotyrosyl group selectively quenching the fluorescence of exposed tryptophan residues.
